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Abstract

Objectives. Oral administration of ibuprofen often requires much higher doses than the necessary therapeutic dose due to the low solubility
and first-pass metabolism of this anti-inflammatory drug. In order to improve its solubility and bioavailability, orally administered
ibuprofen can be encapsulated into chitosan nanoparticles. The release of ibuprofen from chitosan nanoparticles can be pH-controlled
to increase drug delivery efficiency when passing through the gastrointestinal tract. While ionic gelation provides versatile nanochitosan
synthesis, the impact of the chitosan-to-tripolyphosphate (CS/TPP) ratio on encapsulation efficiency (EE) and loading capacity (LC)
of the ibuprofen-loaded chitosan nanoparticles (IBU-CSNPs), as well as their release behavior under various pH conditions, remains
unexplored. The study aims to determine the appropriate CS/TPP ratio for the highest EE and LC, as well as to evaluate the morphology,
release behavior, and degradability of the IBU-CSNPs under optimal conditions.

Methods. The effect of CS/TPP ratio on the EE and LC of nanoparticle-loaded ibuprofen is studied by comparing the total and free
concentrations of the drug and the weights of the CSNPs and IBU-CSNPs. To elucidate the characteristic properties of the IBU-CSNPs
prepared at the optimal CS/TPP ratio, in-depth characterization was performed, including their morphology, chemical structure,
crystallinity profile, in vitro degradation, and release behavior. The release profile of the IBU-CSNPs is studied under simulated gastric
fluid (SGF), intestinal fluid (SIF), and sequential conditions of SGF and SIF.

Results. EE and LC were found to be significantly enhanced by an appropriate 1:1 mg/mg ratio, reaching 77.70 + 0.65% and
46.62 + 0.39%, respectively. The fabricated IBU-CSNPs exhibit a spherical shape with a uniform size distribution of approximately
50-60 nm and accelerated degradation compared to the unadulterated chitosan nanoparticles under simulated gastrointestinal conditions.
The synthesized IBU-CSNPs demonstrate remarkable acid resistance by a minimal drug release of 9.44% in SGF after 3 h. However,
a sustained release pattern in SIF achieves an equilibrium cumulative release of 94.51% over 5 days. The elaboration of drug release
kinetics using the Kopcha and Korsmeyer—Peppas models suggests erosion-controlled release in SGF and diffusion-controlled release
with swellable ability in SIF.

Conclusions. The results represent valuable insights into the formulation of pH-responsive IBU-CSNPs for the controlled delivery of
ibuprofen via oral administration.
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AHHOTaUuus

Hesmn. IlepopansHoe nmpuMeHenue nOynpodeHa gacto TpeOyeT 3HAYUTENBFHO Ooiee BBICOKHX 103, YeM HEoOXoaMMas TepareBTHYe-
CKasi /1032, U3-32 HU3KOIl PacTBOPHUMOCTH M OBICTPOro MeTabosIM3Ma 3TOTO IPOTHBOBOCIIAIUTEIBHOIO Tpenapara. YTo0b! yIydIIuTh
€ro pacTBOPUMOCTb M OGHOZOCTYITHOCTB, HOYNPOdEH, BBOAUMBIN IEPOPAIBHO, MOXKET OBITh HHKAIICYJIMPOBAH B HAHOYACTUIIBI XUTO3a-
Ha. J[jist Toro, 4To0bI MOBBICUTH Y()PEKTHBHOCTD JOCTABKHU JICKAPCTBA MPH MPOXOXKICHUH YePe3 KEeIYI0YHO-KUILICYHBIH TPAKT, MOKHO
perynupoBarth BBICBOOOXKIEHHE NOynpodeHa 13 HAaHOYACTHIl XUTO3aHa, KoHTponupys pH. B To Bpems kak moHHOE reneoOpa3oBaHue
obecreunBaeT YHUBEPCAIbHBIH CHHTE3 HAHOXUTO3aHa, BIUSHIE COOTHOLICHUS XuTo3aHa u Tpunoiudocdara (CS/TPP) na spdexrus-
HOCTh MHKAICYJISIIUU U 3arPY304HYIO CIIOCOOHOCTh HAHOYACTHIl XUTO3aHa, copepkammx noynpoden (IBU-CSNPS), a Takxke Ha uX
BBICBOOOIK/ICHHE IPH PA3IMYHBIX 3Ha4eHUsX pH, ocraercs HemsydeHHBIM. Llenb ncclieJoBaHus. — OIPEEINTh HOAXOAAIIEe COOTHO-
menue CS/TPP mis monmy4eHust HAMBBICIIMX 3HAYCHUH MHKATICYJSIIAU U 3aTPY30YHOI CIIOCOOHOCTH, a TaKKe OIEHUTH MOP(OJIOTHIO,
XapaKTEPUCTHKN BBICBOOOKACHUS U CIIOCOOHOCTH K pazinokeHnto IBU-CSNPS B onTuManbHBIX yCIOBUIX.

Mertonwpl. Biusiaue coornoutenus CS/TPP Ha HHKATICYISIMIO U 3arPy304HYIO CIIOCOOHOCTD HOympodeHa, copepiKalero HaHOYACTUIIbI,
M3y4aroT MyTeM CpaBHEHUs o0uiel u cBoOoaHOM KoHIeHTpauii npenapara u Mmacc CSNP u IBU-CSNP. /1551 BeIssiCHEHUS XapaKTEePHBIX
cotictB IBU-CSNPs, npurotoBieHHbIX IpH onTuMaibHOM cooTHomeHun CS/TPP, Ob1u1 nmpoBeneH yriiyOneHHBINH aHann3, BKIIOYAIO-
UK UX MOP(OIOTHIO, XUMUYECKYIO CTPYKTYPY, IPOGHIb KPUCTALTHYHOCTH, PA3JIOKEHHE i1 Vitro ¥ TIOBEICHUE ITPU BBICBOOOXKICHHH.
Ipoduns BeicBoOokaeHUsE IBU-CSNPs nsy4ancs ¢ nmomoiipio MogenupoBanus noseaeHus IBU-CSNPs B xkenyno4HON U KUIICYHOM
KUJIKOCTSIX, @ TAKOKe TIPU MOCIJICIOBATEIBHOM BBE/ICHUHU B JKEITYA0UHYIO H KHIICYHYIO KUAKOCTH.

Pesynbrarsl. Haiineno, urto uHkancynauus u 3arpy3ouHas cniocooHocTs IBU-CSNPs 3HaunTenbHO HOBBILIAIOTCS HPU COOTHOLICHUU
CS/TPP = 1 : 1 mr/mr, nocturas 77.70 £ 0.65% u 46.62 + 0.39% coorBercrBenHo. Mojenbubie HanoyacTuisl IBU-CSNPs nmeror
chepudeckyo GopMy ¢ paBHOMEPHBIM paclpeieieHreM 1o pasmepam (mpubmusuteabHo 50-60 HM) U YCKOPEHHBIM pa3liOKeHUEM
[0 CPaBHEHHUIO C HAHOYACTHIIAMM YHUCTOTO XMTO3aHA B YCJIOBHUSIX, UMUTHPYIOLIMX KENYIO0YHO-KHIICUHbIH TpakT. CHHTE3MpOBaHHbIC
IBU-CSNPs /1eMOHCTPHPYIOT 3HAUYUTEJIBHYIO KHUCIOTOYyCTOHYMBOCTh OJIarofaps MHHHMAJILHOMY BBICBOOOXKICHHIO JIEKAPCTBEHHOIO
cpeactBa — 9.44% B xemy104HON KUIKOCTH Yyepe3 3 yaca. OfHAKO IPU JUIUTEIBHOM HAX0XKICHUHU B KMILIEYHOM )KUAKOCTH JOCTUIAETCs
paBHOBECHOE KyMYJISITUBHOE BbICBOOOXKIeHHE B pasmepe 94.51% B Teuenue 5 queil. Kunetnka BEICBOOOXKI€HHS JIEKAPCTBEHHOTO CPE-
cTBa ¢ ucnoab3oBaHueM mMozeineit Komua u Kopemeliepa—Ilennaca npeanonaraet BEICBOOOXKICHHUE C KOHTPOJIEM 3PO3HUHU B JKEITyA0YHOH
JKUAKOCTH ¥ BBICBOOOXK/ICHHE CO CLIOCOOHOCTHIO K HAOyXaHHUIO U KOHTpOseM AU dy3un B KUIICIHON KHKOCTH.

BriBonpbl. [TomyueHHbIe pe3yabTaTsl IPECTABIIOT 3HAYUTEIbHYIO ICHHOCTH B pazpadorke PH-uysctBuTensHbix IBU-CSNPs st koH-
TPOJIMPYEMOH JOCTaBKU NOYNpo(deHa py nepopasbHOM IpHeMe.

KnioueBble cnoBa MocTtynuna: 12.01. 2025
HAHOYACTHUIIBI XUTO3aHa, HOyNpodeH, BHICBOOOKICHHE C peryiupyeMbiM pH, AopabGoTaHa: 08.07.2025
9 HeKTHBHOCTH MHKAIICYIISIMHI, HECYIIasi CHOCOOHOCTh MpuHaTta B neyatb: 01.09.2025
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INTRODUCTION

Ibuprofen is a nonsteroidal anti-inflammatory drug that
exerts nonselective inhibition on cyclo-oxygenase-1
and cyclo-oxygenase-2 to hinder the transformation of
arachidonic acid into prostaglandins, which play akeyrole
in pyrexia, inflammation, and pain sensation. Ibuprofen
is predominantly administered orally at a dosage of
200-600 mg every 6 hours. However, the required dose
for therapeutic effect is only about 20—30 mg/kg, which
means that the oral dosage of ibuprofen is 10-20 times
higher than the necessary therapeutic dose [1]. This is
a drawback of oral ibuprofen usage owing to the low
solubility (0.685 mg/mL at 37°C) [2] and the first-
pass metabolism of the drug. Ibuprofen overdosage
may result in some reported adverse effects, including
gastrointestinal ~ problems (heartburn, indigestion,
nausea, and vomiting), uncommon metabolic acidosis,
as well as rarely experienced effects on the central
nervous system [3]. The low dissolution rate of
ibuprofen contributes to its low bioavailability, even
when administered at high oral doses. Many attempts
have been made to formulate ibuprofen into topical
products such as creams and gels as an alternative to oral
administration. However, these alternatives also exhibit
limited therapeutic concentration of ibuprofen because
of its poor skin permeability [4].

An alternative strategy for enhancing the solubility
of ibuprofen for oral administration is to encapsulate it
into a nanoscale drug delivery system. By protecting
the drug from bio-metabolism, the encapsulation of
ibuprofen into nanoparticles improves absorption,
as well as decreasing the frequency and dose of
administration [5]. In general, nano-sized carrier
systems having a large surface area have a significant
advantage in improving the solubility of hydrophobic
drugs. In order for the nanoparticles to be considered
as suitable delivery systems, they must demonstrate
suitable  properties such as  biodegradability,
biocompatibility, and non-toxicity. For this reason,
naturally derived polymers emerge as promising
materials for the synthesis of ibuprofen-encapsulated
nanoparticles. In recent years, chitosan has become
a widely used bio-based polymer for the fabrication of
nano-sized drug delivery systems. This is attributed to
its distinctive chemical structure containing functional
groups of the amino (-NH,) and hydroxyl (-OH),
as well as biocompatibility, mucoadhesion, and low
toxicity. Under appropriate conditions, ibuprofen
with the carboxylic group interacts with the chitosan
chains through electrostatic interactions and hydrogen
bonding between the functional groups of chitosan
and ibuprofen, resulting in the entrapment of the drug
within the polymeric matrix [6]. During the synthesis of

ibuprofen-loaded chitosan nanoparticles (IBU-CSNPs),
cross-linking agents are utilized in association
with mechanical methods like ultra-sonication or
homogenization to facilitate the formation of the nano-
sized particles. In the case of chitosan nanoparticles,
tripolyphosphate (TPP) is applied to promote the ionic
gelation process via ionic interactions between the
negatively charged TPP and positively charged chitosan
groups in combination with mechanical stirring or
homogenization-ultrasonication. IBU-CSNPs were
successfully synthesized by following the ionic gelation
method with TPP as the cross-linker and in situ loading
of'ibuprofen, achieving an encapsulation efficiency (EE)
and loading capacity (LC) of 68.94 + 1.61% and
28 + 1.18%, respectively. The release of ibuprofen
from the fabricated IBU-CSNPs reached an equilibrium
state after 15 h with cumulative drug release (CDR)
of 86.79 + 1.02% and 77.27 + 1.48% in simulated
gastric fluid (SGF) and simulated intestinal fluid (SIF),
respectively. The IBU release mechanism from the
IBU-CSNPs is mainly driven by Fickian diffusion
according to the Ritger—Peppas model [7]. Another
study conducted by Olvera Rodriguez et al., which is
focused on synthesizing IBU-CSNPs for pulmonary
therapy, uses the same ionic crosslinking method with
TPP but incorporating a post-loading approach for
ibuprofen. After the formation of chitosan nanoparticles,
these particles were dispersed in an ibuprofen solution,
allowing the drug to diffuse into and anchor onto the
chitosan nanoparticles via surface adsorption. This
incubation method achieved a high EE of 80% across all
tested drug concentrations (1000 mg/mL, 500 mg/mL,
and 250 mg/mL). The particle size of IBU-CSNPs was
found to range from 5 to 20 nm [8].

One key benefit of the ionic gelation for the
synthesis of chitosan nanoparticles is the ease with
which their characteristics, including particle size,
EE, LC, and release behavior, may be adjusted by
manipulating technological parameters such as
chitosan-to-TPP (CS/TPP) ratio, pH, temperature, and
velocity of chitosan and TPP mixing [9]. However,
to the best of our knowledge, no study has evaluated
the influence of the CS/TPP ratio on the EE and LC
of IBU-CSNPs to suggest the appropriate IBU-CSNPs
synthesis condition for enhanced drug encapsulation.
Moreover, the existing works have only investigated
the release kinetics of IBU-CSNPs in batches of SGF
and SIF without examining the release profile under
conditions of sequential pH change.

In the present study, batch experiments are performed
to fabricate IBU-CSNPs with varying CS/TPP ratios
from1:0.25to 1 : 3 (mg/mg) to assess the impact of this
parameter on the drug LC of the nanoparticles and figure
out the appropriate synthesis condition. Additionally,
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various properties of morphology, chemical structure,
crystallinity, and degradability of the IBU-CSNPs under
the determined synthesis condition are comprehensively
analyzed. The in vitro drug release profile of the
IBU-CSNPs in different simulated environments is
investigated by employing diverse mathematical models
of zero order, first order, Higuchi, Kormeyer—Peppas,
and Kopcha.

2. MATERIALS AND METHOD

2.1. Materials

Chitosan with a molecular weight of 158 kDa and
a degree of deacetylation of above 80% was supplied
by Vietham Food (Vietnam). Ibuprofen (IBU, >98%)
and phosphate-buffered saline (PBS) were obtained
from Sigma-Aldrich, USA. Dialysis Flat Tubing with
amolecular weight cut-off of 14000 kDa was supplied by
Frey Scientific, USA. Acetic acid (CH;COOH, 99.5%),
lactic acid (85.5-90%), hydrochloric acid (HCI, 36%),
sodium tripolyphosphate (TPP, 56-60%), and ethanol
(99.5%) were purchased from Xilong, China. In order to
prepare solutions, distilled water was utilized.

2.2. Preparation of chitosan nanoparticles
loaded with ibuprofen (IBU-CSNPs)

Chitosan is firstly dissolved in 1% acetic acid solution
under continuous stirring to prepare a chitosan solution
of 3.75 mg/mL. An ibuprofen solution of 1.25 mg/mL is
also prepared by dissolving ibuprofen in 70% ethanol.
Next, 1 mL of ibuprofen solution is added to the chitosan
solution and a mixture is stirred in 15 min at 800 rpm.
Finally, an aqueous TPP solution is added dropwise to the
CS/IBU mixture under stirring at 800 rpm for 1.5 h until
an opalescent suspension is obtained. The formulation
of IBU-CSNPs with varying TPP concentrations is
presented in Table 1. The CSNPs without loading
ibuprofen are prepared by following the same procedure.

Table 1. Experimental design of synthesizing IBU-CSNPs

Final concentration
CS/TPP ratio,
mg/mg Chitosan, TPP, Ibuprofen,
mg/mL mg/mL mg/mL
1:0.25 0.75
1:05 1.50
1:1 3.00 3.00 1.00
1:2 6.00
1:3 9.00

2.3. Characterization

Following synthesis, both CSNPs and IBU-CSNPs
were evaluated for their morphologies using field
emission scanning electron microscopy (FE-SEM,
Hitachi, S-4800, Japan). The samples were coated
with thin Pt layers before measurement. Chemical
structure of ingredients (chitosan, ibuprofen, TPP) and
synthesized nanoparticles (CSNPs and IBU-CSNPs)
were studied by Fourier-transform infrared spectroscopy
(FTIR, Alpha II, Bruker, Germany). FTIR spectra were
plotted in the wavenumber range of 6004000 cm™! at
a resolution of 4 cm™!. The crystallinity profile of the
individual ingredients, CSNPs, and IBU-CSNPs was
obtained by utilizing X-ray diffraction (XRD, Bruker,
D8 Advance). The specimens are ground into fine
powder and investigated for their XRD spectra in the
range of 5°—80° (20).

2.4. EE and LC of chitosan nanoparticles

The opalescent suspensions of the chitosan nanoparticles
with increasing TPP concentration were centrifuged
at 13000 rpm (16058g) for 30 min. The precipitated
IBU-CSNPs were then resuspended in 70% ethanol
to solubilize the nanoparticles and remove unbound
ibuprofen. The suspensions were further centrifuged
at 13000 rpm (16058g) for another 30 min. Finally,
the collected IBU-CSNPs were washed with water and
dissolved in an HCl solution 0of 0.02 M for more than 1 day
to completely release ibuprofen from the nanoparticles.
The ibuprofen concentration in the media was analyzed
using a UV—Vis spectrophotometer (UV—Vis, Model 754,
Stech International, United Kingdom) at 222 nm. The EE
and LC of the IBU-CSNPs are determined by Eqgs. (1)
and (2):

CT B CF
EE(%) =—L—F % 100%, (1)
CT
WL
LC(%) = —% x100%, )
WN

where Crand C (mg/mL) are total and free concentrations
of ibuprofen in the CSNPs suspensions, respectively;
W, and Wy (g) are weight of ibuprofen loaded in CSNPs
and the weight of nanoparticles, respectively.

2.5. Invitro ibuprofen release kinetics
of the IBU-CSNPs

The IBU-CSNPs were studied in vitro release profile
under different pH conditions by applying the analysis
membrane method [10]. In particular, 1.5 mL of the
IBU-CSNPs suspension was added into the tied dialysis
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tube. For the drug release, three mediums of simulated
gastric fluid (SGF, pH 1.2), simulated intestinal fluid
(SIF, pH 6.8), and simulated biological fluid (SBF,
pH 7.4) were prepared. Furthermore, ibuprofen release
capacity from nanoparticles was evaluated in sequential
release with a medium of pH 1.2 for the first 3 h [11, 12]
and then moved to pH 6.8 for the next 12 days [13].
The equipped dialysis tube is immersed into 25 mL of
each media to release the drug from the nanoparticles
into the environment through the membrane. The CDR
is calculated at different time intervals using a UV—Vis
Spectrophotometer at 222 nm. The release kinetics of the
IBU-CSNPs are studied by using mathematical models
of zero order (Z-0O), first order (F-O), Higuchi (H),
and Korsmeyer—Peppas (K-P) as presented in
Egs. (3)—~(7) [14]. In order to determine the appropriate
release mechanism, the most suitable model for the
release behavior of the IBU-CSNPs was identified.
Zero-order model (Z-0O):

M
kot 3)
First-order model (F-O):
M
MOO
Higuchi model (H):
M
=k, 5)
MOO
Korsmeyer—Peppas model (K—P):
Dbyt (6)
KP* »
o0
Kopcha model:
M
—L = AJt+Bt, (7)
Moo

M
where —L is the fractional amount of the drug released
o0

attime ¢ (h); k, k,, kyy, &,

«p» A, and B are constants of the

corresponding models. Besides, n is the diffusion
release

exponent indicating  the mechanism

(K—P model).

1:0.25

2.6. Degradability of the CSNPs
and IBU-CSNPs

The degradability of the nanoparticles with and without
ibuprofen was evaluated in a sequentially pH-changing
experiment. In particular, the particles were incubated in
the SGF solution (pH 1.2) for 3 h and then transferred
to the SIF environment (pH 6.8) during the remaining
period. The degradability of the nanoparticles is
determined by their dry weight difference before and
after incubation as described in Eq. (8).

. Wo—W,
Degradability(%) = —¢_—- x100%, (8)
0

where W, and W, are respectively the weight of the

IBU-CSNPs initially and at the time # (h).

3. RESULTS AND DISCUSSION

3.1. EE and LC of the IBU-CSNPs

Following the synthesis process, IBU-CSNPs were
successfully fabricated and homogenously suspended
as a milky suspension (Fig. 1). The opacity of the
samples was observed to progressively increase
with a decrease in the CS/TPP ratio: in particular,
the suspensions with the CS/TPP ratios of 1:2 and
1 : 3 (mg/mg) show particle aggregation at the bottom
of the beaker. As the TPP concentration increases, the
extent of the repulsive electrostatic interactions between
the IBU-CSNPs reduces, resulting in the compression
of the double electrical layer and a reduction in the
zeta potential of the nanoparticles [15]. Consequently,
aggregation is promoted, leading to a declined colloidal
stability of the IBU-CSNPs. Previous studies have
also shown that forming weak bonds between chitosan
and TPP by adjusting the CS/TPP ratio helps prevent
aggregation [16, 17].

Figure 2 illustrates the EE and LC of the IBU-CSNPs
with decreasing CS/TPP ratio from 1:0.25 to 1 : 3 mg/mg;
in other words, increasing TPP concentration from 0.75
to 9.00 mg/mL. Overall, both EE and LC of the
IBU-CSNPs tend to grow as the CS/TPP ratio declines
from1:0.25to0 1: 1 (mg/mg), followed by a decrease in
both criteria with a further reduction in the CS/TPP ratio

1:2

Fig. 1. Images of IBU-CSNPs fabricated from different CS/TPP ratios
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to 1 : 3 (mg/mg). The highest EE and LC of the fabricated
nanoparticles are respectively 77.70% and 46.62% at
the CS/TPP ratio of 1 : 1 (mg/mg). Under this synthesis
condition, the drug LC of the IBU-CSNPs in this work is
almost 2 times higher than that fabricated by Balde e? al.
(EE and LC of 68.94% and 28%, respectively) [7].

100
= Encapsulation efficiency (EE) m [ oading capacity (LC)
7170

80 1 7070 7118
o 6429
NS
g 60 1 5687
g 42 071 1662 s
g 40 4 34.12
Ay

20 -

1:025 1:05 1:1 1:2 1:3
CS/TPP ratio, mg/mg

Fig. 2. Drug loading performance of the IBU-CSNPs with
varying CS/TPP ratios

As can be seen from Fig. 2, an increase in the TPP
concentration results in a higher cross-linking density
of the IBU-CSNPs and a smaller nanoparticle size,
permitting more IBU to be encapsulated within the
nanoparticle core. The increased concentration of TPP
also enhances the stability of the IBU-CSNPs colloids.
Therefore, both EE and LC of the IBU-CSNPs achieve
the highest values at the CS/TPP ratio of 1 : 1 (mg/mg).
However, the stability of the nanoparticles diminishes as
the CS/TPP ratio decreases to 1:2 and 1:3 (mg/mg)
due to particle aggregation to significantly reduce the
possibility for the ibuprofen-chitosan interactions and the
entrapment of the drug within the cross-linked network
of the nanoparticles. Consequently, there is a substantial
decline in both EE and LC of the IBU-CSNPs down to
56.87% and 34.12% in the given order at the CS/TPP
ratio of 1 : 3 (mg/mg).

3.2. Characteristics of the IBU-CSNPs

3.2.1. Chemical-crystalline profile
and morphology of the IBU-CSNPs

In order to analyze the chemical structure of the
fabricated nanoparticles, FTIR spectra of the chitosan
nanoparticles both with and without encapsulating
ibuprofen and components (chitosan, TPP, and ibuprofen)
are illustrated in Fig. 3a. Characteristic absorption bands
appearing in the range of 3000-3500 cm™! are attributed
to hydroxyl and amino groups of chitosan chains. The
strong bands at 1642, 1555, and 1240 cm™! are assigned
to vibrations of C=0 stretching, N-H bending and C-N

stretching in the given order. The significant intensity
in the peak at 1035 cm™! indicates the presence of
C-O-C linkages in the chitosan chains [14]. For TPP,
the peaks at 1076 and 1208 ¢cm™! refer to the P=0O
linkages, whereas the band at 1126 cm™! is attributed to
P—O-R bonds in the phosphate groups [18]. Ibuprofen
is characterized by the peaks at 1708 and 2955 cm™!,
which present functional groups of carboxylic acid and
hydroxyl. There is a strong absorption bond found at
1230 cm™! indicating the C-O—C bonds in the structure
of ibuprofen. The aromatic ring in the ibuprofen
structure is characterized by the two absorption bands at
1458 and 1506 cm™!. Moreover, the rocking vibrations
of CH, and CH, linkages are correspondingly identified
at 776 and 933 cm™! [7]. The lack of a characteristic
peak at 1708 cm™!' in the spectrum of IBU-CSNPs
corresponding with the carboxylic acid of ibuprofen
indicates interactions between the drug and the polymeric
matrix of the chitosan nanoparticles. Additionally, the
absorption bands at the remaining peaks of ibuprofen
are not intense in the IBU-CSNPs spectrum, further
confirming the successful encapsulation of the ibuprofen
in the network of the nanoparticles [7].

IBU-CSNPs

CSNPs

IBU
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Fig. 3. FTIR (a) and XRD spectra (b) of CSNPs
and IBU-CSNPs
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The XRD analysis of the crystalline profile of the
nanoparticles both with and without loaded ibuprofen
is illustrated in Fig. 3b. According to the previous
work, the neat chitosan exhibited diffraction peaks
at 11.9° and 20°, whereas pure TPP showed various
peaks at 19.05°, 19.77°, 33.60°, and 34.49° [19].
However, these characteristic peaks of chitosan and
TPP are absent in the XRD pattern of CSNPs; instead,
new multiple peaks appear at 11.5°, 13.4°, 18.6°,
22.7°, 26.6°, 29.2°, 31.8°, 34.4°, and 43.5°. This
finding indicates that the interactions between the
oppositely charged groups of chitosan and TPP cause
the change in the packing structure of the chitosan
chains. Moreover, there is a greater extent of chain
bonding in the nanoparticles resulting from the cross-
linking between chitosan and TPP. The previous
work presented the XRD pattern of pure ibuprofen
containing the diffraction peaks at 19.4°, 21.6°, 26.8°,
28.4°, and 33.2° [7]. In this study, the lack of signals
at these peaks in the XRD spectrum of IBU-CSNPs
demonstrates that the drug is encapsulated within the
cross-linked network of the nanoparticles.

The morphology and particle size of the IBU-CSNPs
are presented in Fig. 4. The uniform spherical shape of
the IBU-CSNPs together with a smooth surface and nano
size in the range of 50—60 nm confirms the success in the
synthesis of the nanoparticles encapsulating hydrophobic
ibuprofen. As already mentioned, the nano size of the
chitosan-based delivery system increases its surface

S-4800 10.0kV 8.8mm x60.0k SE(M)

area, thus enhancing the efficiency of drug encapsulation
within the polymer network and improving the solubility
of hydrophobic drugs like ibuprofen.

3.2.2. Degradability of the IBU-CSNPs

Degradability is one of the crucial properties of drug
delivery systems due to limiting the release behavior
of the active compound and the toxicity potential
of the material to the human body. In this work, the
degradability of the synthesized nanoparticles is
evaluated in the in vitro condition of simulated oral
administration. Figure 5 depicts the degradability rate
of CSNPs and IBU-CSNPs over time along with the
images of the nanoparticles captured under microscopy
as presented in Fig. 6. During the initial 3-h period in
an acidic environment, the nanoparticles exhibit low
degradation with the respective degradability of 3.93 and
6.40% for CSNPs and IBU-CSNPs. Figure 6b also shows
that there is no significant change in the morphology of
the IBU-CSNPs clusters after 3-h immersion in SGF.
According to the previous study by Lin ef al. [20], it
was found that CS/TPP polyelectrolyte complex gel
microspheres completely degraded within 2 h at pH 1.4.
In contrast, both CSNPs and IBU-CSNPs in this work
exhibit effective acid resistance. This can be attributed
to the dense cross-linking within the polymeric matrix of
the nanoparticles via the strong electrostatic interactions
between the protonated amino groups of chitosan under
an acidic environment and the negatively charged

Fig. 4. Morphology of the IBU-CSNPs synthesized at a CS/TPP ratio of 1 : 1 (mg/mg)
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phosphate groups of TPP. The high stability witnessed
in SGF demonstrates the ability of the IBU-CSNPs to
withstand the harsh conditions of the stomach and protect
the drug from first-pass metabolism.

60
IBU-CSNPs

50 A {____{-—-—I
< e
2 401 -k
z 30 I""i CSNPs
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Time, day

Fig. 5. Degradability of CSNPs with and without
encapsulating ibuprofen under sequential pH change
conditions (SGF at pH 1.2 for 3 h, followed by SIF at pH 6.8
for the remaining duration)

When the experimental environment changes to
SIF, the degradation of the nanoparticles occurs more
prominently with the corresponding degradability
of 28.03% and 49.62% after 7 days for CSNPs and
IBU-CSNPs. The looser structure of the polymeric
matrix resulted from the partial deprotonation of chitosan
chains, while the high solubility of ibuprofen in a neutral
environment (pH 6.8) contributes to the weakening of
the interactions between the drug and chitosan chains,
promoting the diffusion of drug molecules from the
nanoparticles. As a result, voids and porous channels are
created within the structure of the nanoparticles, allowing
the penetration of the environment fluid and causing more
deprotonation of chitosan. Therefore, the degradation of
IBU-CSNPs is considerably greater than that of CSNPs
at the same time interval. Figure 6¢ demonstrates the

evident degradation of IBU-CSNPs clusters in the SIF
characterized by the presence of discrete fragments with
various morphologies.

3.3. In vitro release kinetics
of the IBU-CSNPs

The release kinetics of IBU-CSNPs under different
simulated fluid conditions are depicted in Fig. 7.
The equilibrium release state of IBU-CSNPs in all
investigated environments is achieved after 5 days with
approximately the entire ibuprofen-loaded content being
released from the nanoparticles. In particular, at the same
time point of 1 day after exposure to the environment,
the CDR of the IBU-CSNPs in SGF and SIF is 23.13%
and 67.58% in the given order. These values are all lower
than the CDR reported in the study by Balde et al. (around
80%) [7]. Therefore, the as-fabricated IBU-CSNPs
exhibit prolonged ibuprofen release demonstrated by
their slow release rate in comparison with the previous
work.

The distinct release behavior of the IBU-CSNPs
among the environments indicates the pH-responsive
release capability of the synthesized delivery system.
In particular, the SIF condition strongly promotes the
ibuprofen release from the nanoparticles, whereas
the SGF environment inhibits the diffusion of drug
molecules into the medium (Fig. 7a), similar to the
findings in the degradation assessment. The maximum
ibuprofen concentration is achieved after 4 days and
2 days in respective environmental pH values of 1.2
and 6.8. The specific maximum drug concentration is
correspondingly 28.48 and 27.36 mg/L (Fig. 7b). In
comparison with previous studies, the pattern of the
ibuprofen concentration in the aqueous media over
time is similar to the drug concentration-time profile of
a sustained release delivery system [21, 22]. Moreover,

Fig. 6. Alteration in the morphology of IBU-CSNPs before the experiment (a), after 3h-immersion in SGF (b),
and the next 5-day cultivation in SIF (c)
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the therapeutic concentration range for ibuprofen
analgesic and anti-inflammatory effects is approximately
10-50 mg/L [23]. According to the experimental
data, the ibuprofen concentration in the SIF reaches
20.55 mg/L and remains within the therapeutic window
of ibuprofen until the 12th day. While IBU-CSNPs
in SGF also exhibit a similar trend in the drug release
behavior, the therapeutic concentration is only achieved
on the 2nd day from the beginning.

100 - - - - - - - - - - —— - — =
S

90 - - =
80 - I S
01 ¢ ¥

60 m 1 /_‘ 1
504,
40 fz '
30 9/
20 07

CDR, %

- - - SGF
- -+ -SIF

10 % - -& - Sequenrial release

04

T T T T T T T T T T T

1 2 3 4 5 6 7 8 9 10 11 12
Time, day

(@)
30

04 f S T
‘I
15 1

o - -e- - SGF
1" - -+ - SIF

IBU concentration, mg/L

5 -
T - -+ - Sequenrial release
0 = T T T T T T T T T y T
1 2 3 4 5 6 7 8 9 10 11 12
Time, day

(b)

Fig. 7. In vitro release of IBU-CSNPs in terms of the CDR (a)
and ibuprofen concentration (b) recorded under SGF, SIF, and
sequential pH-changing conditions

In the sequential pH condition, the ibuprofen release
profile of the IBU-CSNPs is a combination of the release
patterns witnessed in SGF and SIF, but at different CDR
and ibuprofen concentrations. The release kinetics of
the drug-loaded nanoparticles under the sequentially
changing pH condition exhibit distinctions starting
from the transition of the environment with a slower
ibuprofen release rate. In this case, the maximum
ibuprofen concentration is reached after 5 days along
with the therapeutic drug concentration achieved after
12 h and continuously maintained in the range of
10.05-21.57 mg/L until the 12th day. As depicted in
Fig. 7, the findings of this biomimetic evaluation indicate

that the higher CDR and ibuprofen concentration in
SIF than in SGF enables effective drug delivery to the
intestine as well as avoids drug leakage in the stomach.

The release kinetics of IBU-CSNPs in SGF, SIF, and
biomimetic conditions are mathematically analyzed by
the determined models including zero order, first order,
Higuchi, Kormeyer—Peppas, and Kopcha. The results
from the analysis are tabulated in Table 2.

Table 2. Analysis of IBU-CSNPs release kinetics
by mathematical models

Experimental condition
Model
bl coefficient SGF SIF Sequential

release
k, 0.196 0.162 0.185

Z-0
R? 0.987 0.750 0.939
ky 0.491 0.230 0.456

F-O
R? 0.908 0.636 0.754
ke 0.171 0.134 0.160

H

R? 0.897 0.563 0.789
kxp 0.237 0.697 0.416
K-P n 0.917 0.470 0.622
R? 0.983 0.999 0.997
A 0.076 0.494 0.375
Kopcha B 0.167 0.000 0.025
R? 0.994 0.966 0.995

The release profile of IBU-CSNPs follows the
Korsmeyer—Peppas model in SIF (R? of 0.999) and the
Kopcha model in SGF (R? of 0.994). Both models show
an extremely high correlation with the ibuprofen release
kinetics under the sequentially pH-changing condition.
The release exponent of 0.470 determines the anomalous
or non-Fickian transport for the release kinetics of
IBU-CSNPs governed by the drug diffusion, swelling,
and degradation of the nanoparticles. On the contrary,
the mechanism of the drug release into the acidic
environment is predominantly controlled by the erosion
of the nanoparticles according to the greater erosion
constant (B) than the diffusion constant (4) in the Kopcha
model. For the simulated oral drug delivery by changing
pH, the release exponent below 0.85 (Korsmeyer—Peppas
model) and A4/B ratio above 1 (Kopcha model) confirm
that the ibuprofen diffusion is the primary mechanism
controlling the drug release from the IBU-CSNPs. This
finding is reasonable due to the much longer exposure
duration of the nanoparticles encapsulating ibuprofen in
SIF than in SGF.
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4. CONCLUSIONS

The IBU-CSNPs successfully synthesized following
the synthesis procedure with the CS/TPP ratio from
1:025 to 1:1 (mg/mg) show a uniform spherical
shape and a particle size of 50-60 nm. The CS/TPP
ratio influences the drug entrapment efficiency of the
developed nanoparticles. When the ratio decreases
below 1:1 (mg/mg), there is a failure in the drug
loading of the CSNPs as evidenced by a remarkable
reduction in both EE and LC. Under the simulated
condition of oral drug delivery, the IBU-CSNPs have
a degradability of about 50% after 7 days and excellent
acid resistance, as well as demonstrating a controlled
pH-responsive release. In the first 3 h within the SGF
environment, only 9.44% of ibuprofen is released,
demonstrating the high efficiency of ibuprofen protection
within the CSNPs system. The release gradually
increases in the SIF environment to reach 25.07% at
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